We report the measurement of the neutrino-oxygen neutral-current quasi-elastic (NCQE) cross section by observing nuclear de-excitation gamma rays at Super-Kamiokande with the T2K neutrino beam. The de-excitation gamma ray events induced by NCQE reactions are selected from the T2K RUN1-3 data corresponding to 3.01×10 20 protons on target.The selections use the event information to remove the background events which are from radioactive impurities at the detector wall, and the event selection achieves 69% of NCQE signal purity. In the 4∼30 MeV reconstructed energy region forty-three events are observed, compared with the expected number of 51.0. The neutrinooxygen NCQE cross section is measured as 1.55 × 10 −38 cm 2 with a 68% confidence interval of (1.08, 2.34) × 10 −38 cm 2 , and the 68% confidence interval is consistent with the theoretical NCQE cross section of 2.01 × 10 −38 cm 2 . The Cherenkov angle distribution of the candidate events shows a discrepancy between the data and the MC expectation. The discrepancy might be due to the secondary gamma-ray production which can be reduced by possible improvements in near future.
Introduction to NCQE interaction and de-excitation γ-rays
If neutrino energy is in the subGeV region O(0.1 ∼ 1 GeV), the neutral current quasi-elastic (NCQE) scattering dominates in all neutrino-nucleus neutral current events. The neutral current quasielastic (NCQE) scattering is written as below
where A is the target nucleus, and N is a knockout nucleon. In the T2K experiment [1] , oxygen nuclei at the Super-Kamiokande (Super-K) detector are used as the target of neutrino nucleus NCQE scattering. The residual oxygen nucleus after NCQE scattering has a nucleon hole, and may de-excite to the ground state with γ-ray emissions. The de-excitation γ-ray induced by NCQE scattering is called a "primary γ-ray", and most of the primary γ-rays have an energy close to 6 MeV. At the same time, the knocked out nucleon interacts with other oxygen nuclei via hadronic interactions. The interaction also leads to de-excitation γ-ray emissions, and the emitted γ-ray is called a "secondary γ-ray". The Super-Kamiokande (Super-K) detector observes the events which have "primary γ-rays" piling up with "secondary γ-rays". The observation of de-excitation γ-ray events induced by the ν-O NCQE reaction at Super-K is shown as Figure 1. 1 Fig. 1 .: Neutrino-oxygen NCQE interaction and emission of de-excitation γ-rays schematic. The knocked out nucleon interacts with another oxygen nucleus. Then, the hadronic interaction produces "secondary γ-rays". The Super-K detector observes the piling up events. [4] 2. Physical motivation
The study of the de-excitation γ-ray induced by the NCQE reaction has the following motivations: First, there is no previous measurement of the ν-O NCQE cross section. Second, the de-excitation γ-rays induced by the NCQE interaction from atmospheric neutrinos are one background source in supernova relic neutrino (SRN) searches. The average energy of T2K neutrino beam is 630 MeV which is the same order with the average energy of atmospheric neutrinos. The measurement of the NCQE cross section by the T2K neutrino beam can be used to reduce the uncertainty of SRN search. Third, the de-excitation γ-ray events provide a tool for the active-to-sterile neutrino oscillation search ν µ → ν s at the T2K experiment. Most de-excitation γ-ray events are induced by NCQE reactions, so the disappearance of the number of events is used to measure the active-to-sterile neutrino oscillation. Figure 2 shows the overview of the analysis of ν-O NCQE cross section. To measure the ν-water NCQE cross section, we scale up the theoretical prediction by the factor obtained from the comparison between the expected number of events and the observed number of candidate events. 
Analysis overview
where the flux-averaged cross section of the measurement is < σ obs ν,NCQE >, and the theoretical fluxaveraged cross section is < σ theory ν,NCQE > which is obtained using theory in Ref. [3] and the fluxes of T2K neutrinos. The observed number of events is N obs . The expected number of background is written as N 4. Event simulation Table I .: The spectroscopic factor (SF) of each nucleon state in 16 8 O. Here, the SFs of the α-th shell state are listed from Ref. [3] . The branching ratios (BR) are measured by the electron and proton scattering experiments. The expected beam-related events at Super-K are predicted with Monte Carlo (MC) simulations. The simulations are performed in three steps: First, a simulation of the neutrino beam with constrains from external experimental data such as CERN NA61 is made to predict flux and energy spectrum of neutrinos at Super-K. Second, neutrino interactions on water are simulated, such as NCQE, NC1π resonance, CCQE, etc. The residual nucleus after a NCQE reaction has chance to de-excite with γ-rays, and the probability of γ-ray emission is calculated from the spectroscopic factors (SF) of each shell state and the branching ratios (BR) of γ-ray emissions. Table I summarizes the values of SR and BR for each shell state. Most primary γ-rays have energy of ∼ 6 MeV, and they are from the de-excitation of 1p 3/2 hole states. Third, propagations and interactions of the produced particles in neutrino reactions are simulated, and the response of the Super-K detector to all the particles is also simulated.
Event selection
The analyzed results in this poster are equivalent to data of accumulated 3.01 × 10 20 POT, and the first ν-oxygen cross-section measurement is published in Ref. [2] . In the analysis, the goal of the selections is to select the γ-ray events induced from NCQE reactions from the T2K spill data. The backgrounds have two sources: beam-related and beam-unrelated. The former is from reactions other than NCQE, such as NC1π resonance, NC1π coherent, CC, etc. The later is from the radioactive impurities at the detector wall and PMTs.
The following cuts are applied to the T2K spill data to select the de-excitation γ-ray candidates: First, a "reconstructed energy" cut allows the events with reconstructed energy in the energy region of (4, 30) MeV. Second, the "timing" cut that restricts the selection to be within ±100 ns of the nearest bunch center, which is determined by the T2K fully-contained (FC) events with energy larger than O(100MeV). Third, constrains on the reconstructed vertex and direction, the same as those in the Super-K solar neutrino analysis, are applied [5] , and the constrain removes the beam-unrelated backgrounds that are coming from near the detctor wall. Fourth, a "fit-quality" (ovaQ) cut based on the timings of hit PMTs and the hit pattern is used to remove the beam-unrelated events with a mis-reconstructed (or mis-fitted) vertex [6] . After the ovaQ cut, most beam-unrelated events are removed as shown in Figure 3 . Fifth, a "pre-activity" cut removes the decay-e background (decayed electron) from cosmic rays or neutrino CC interactions. Sixth, a "Cherenkov angle" cut removes CC background events with produced muons, removing events with a Cherenkov angle less than 34 • .
After all the selection cuts are applied, the expected number of events N exp is 51.0. The expected number of NCQE signal events is 34.8, and the expected signal fraction of events is 68%. The expected number of beam-unrelated background events N exp beam−unrelated is 1.2 which is obtained using the "off-timing" events. Figure 4 shows the reconstructed energy distribution of the candidate events. Forty-three events are observed from the T2K spill data, while the expected number of the events is 51.0. The peak of the energy is at 5 MeV, which is due to 6 MeV primary γ-rays, and the tail of the distribution extends to high-energy region because of the contribution of the secondary γ-rays overlapping with the primary γ-rays. The observed distribution is consistent with the expected distribution.
Observed events

Systematic error
The source of systematic uncertainties on the expected number of signal and background events and the error size are summarized in Table II . For NCQE signal events, the largest uncertainty is due to the secondary γ-ray production. Because there is no previous measurement of the de-excitation γ-ray induced by neutron-water reactions, this error is 13% calculated by comparing the different simulators.
Results
The flux-averaged ν-oxygen NCQE cross-section measurement is < σ obs ν,NCQE >= 1.55×10 −38 cm 2 with a 68% confidence level interval of (1.08, 2.34) × 10 −38 cm 2 . Figure 5 shows the comparison between the theoretical prediction and this result, and the theoretical NCQE cross-section is consistent with the measured cross-section at the 68% C.L. interval.
Here, we separate the uncertainty into the systematic uncertainty and the statistical uncertainty, The T2K measurement of the flux-averaged NCQE cross-section from Ref. [2] . The measurement result is denoted as the black point. The vertical black line represents 68% confidence level interval of the measurement, while the red dashed line denotes the theoretical cross-section from Ref. [3] , and the flux-averaged theoretical cross-section is shown as horizontal red line. The theoretical cross-section value is within the 68% confidence interval of the measurement. 
9. Future improvements
As described previously, the systematic uncertainty due to secondary γ-ray production dominates the systematic error of the NCQE events. Most secondary γ-rays are produced from neutron-water reactions.
Neutron tagging
As the number of secondary γ-ray induced by neutrons has a large uncertainty, the number of produced neutrons is a hint to know the γ-ray multiplicity. Here, a "neutron tagging" method is introduced to study the number of neutrons induced by NCQE reactions. The physical principle of "neutron tagging" is mentioned as follows: A thermal neutron is captured by a hydrogen nucleus, and produces a γ-ray with 2.2 MeV energy as below:
In near future, we compare the neutron multiplicity in data and the simulation which uses the simulators for the secondary γ-ray production such as GEANT3, GEANT4, FLUKA, and PHITS [8] .
As the study of neutron tagging is done for an analysis of atmospheric neutrinos, the method is expected to indicate suitable simulator for secondary γ-ray production in the future.
Neutron water experiment at RCNP
To reduce the uncertainty due to the secondary γ-ray production, there is a proposal to use a neutron beam to irradiate water at Research Center for Nuclear Physics (RCNP). The experiment aims to have a measurement of the multiplicity and energy of γ-rays emitted by neutron-water reactions. The RCNP N0 course uses a proton beam impinging on a Lithium target to produce a semimonochromatic energy neutron beam [7] . By changing the energy of the incident proton beam, the peak energy of neutron beam can be adjusted to 80 MeV and 392 MeV to check the hadronic interaction at two kinds of neutron energy. Figure 6 shows the schematic of the proposed experiment. The transparent tank filled with water is placed at 17∼38 meters downstream of the Li target, and the neutron beam irradiates the water target. There are several scintillators around the water tank to observe the γ-rays emitted from neutron-water reactions. Precision measurements with two neutron energies are expected to provide a constraint on the uncertainty due to the secondary γ-ray production in the near future. 
Summary
We have analyzed data accumulated with 3.01 × 10 20 protons on target (POT) to search for deexcitation γ-ray events. Forty-three de-excitation γ-ray events are selected from spill data, while the number of expected events is 51.0. The observed NCQE cross section is < σ obs ν,NCQE >= 1.55 × 10 −38 with a 68% confidence interval of (1.08, 2.34)×10 38 cm 2 .
Finally, there are two possible improvements for reducing the uncertainty on secondary γ-ray production on-going.
